Neural crest cells are unique to vertebrates and generate many of the adult structures that differentiate them from their closest invertebrate relatives, the cephalochordates. Id genes are robust markers of neural crest cells at all stages of development. We compared Id gene expression in amphioxus and lamprey to ask if cephalochordates deploy Id genes at the neural plate border and dorsal neural tube in a manner similar to vertebrates. Furthermore, we examined whether Id expression in these cells is a basal vertebrate trait or a derived feature of gnathostomes. We found that while expression of Id genes in the mesoderm and endoderm is conserved between amphioxus and vertebrates, expression in the lateral neural plate border and dorsal neural tube is a vertebrate novelty. Furthermore, expression of lamprey Id implies that recruitment of Id genes to these cells occurred very early in the vertebrate lineage. Based on expression in amphioxus we postulate that Id cooption conferred sensory cell progenitor-like properties upon the lateral neurectoderm, and pharyngeal mesoderm-like properties upon cranial neural crest. Amphioxus Id expression is also consistent with homology between the anterior neurectoderm of amphioxus and the presumptive placodal ectoderm of vertebrates. These observations support the idea that neural crest evolution was driven in large part by cooption of multipurpose transcriptional regulators from other tissues and cell types.
Introduction
It has been proposed that the evolution of vertebrates from a cephalochordate-like ancestor was driven largely by the evolution of neural crest and neurogenic placodes Northcutt and Gans, 1983) . This assertion reflects the fact that neural crest and placodes give rise to adult structures that define the vertebrate clade, including the cranial and peripheral ganglia, pharyngeal arch skeletomusculature, and cranium. Consistent with this, definitive neural crest cells have been described in the most basal extant vertebrates, the agnathans, but not in their closest living invertebrate relatives, the cephalochordates.
Neural crest cells form at the border of the neural and nonneural ectoderm and become incorporated into the dorsal neural tube during neurulation. Around the time of neural tube closure, they delaminate and begin to migrate extensively throughout the embryo. They remain in an undifferentiated and proliferative state until they reach their destinations whereupon they activate a range of tissuespecific differentiation programs. Neural crest cells are multipotent and can form neurons, glia, melanocytes, bone, cartilage, smooth muscle, and chromaffin cells. Several transcriptional regulators of neural crest formation have been identified including Zic, Pax3/7, Msx, FoxD3, Twist, Snail/Slug, and AP-2 genes. Some of these have been shown to respond to Wnt, BMP, and FGF signaling pathways and to cross-and autoregulate (for reviews, see Aybar and Mayor, 2002; LaBonne and Bronner-Fraser, 1999) . While the network of interactions required to specify neural crest cell fate is being elucidated, how these interactions ultimately confer neural crest cell morphology and behavior is unclear. Evidence suggests that several genes have multiple roles in neural crest development, ranging from early induction to regulating migration and differentiation. For example, transcriptional repressors of the Snail/ Slug family have established roles in neural crest induction, but also promote epithelial to mesenchymal transition and migration (LaBonne and Bronner-Fraser, 2000) , perhaps by downregulating cadherins (Cano et al., 2000) . Recent evidence from frog suggests an early role for AP-2 genes in neural crest induction (Luo et al., 2003) , while loss of function studies implicate AP-2 genes in regulation of postmigrational differentiation programs in the mouse (MorrissKay, 1996; Schorle et al., 1996) . Similarly, FoxD3 has been shown to affect the early stages of neural crest specification, and to have later roles in promoting neural and glial fates and suppressing melanogenesis (Dottori et al., 2001; Kos et al., 2001; Sasai et al., 2001 ).
An important feature of neural crest cells is that they persist in an undifferentiated and proliferative state well into embryogenesis. How they sustain this stem cell-like condition is largely unknown. A possible explanation lies in the observation that potent helix-loop-helix (HLH) transcriptional regulators of the Id family (for inhibitors of DNA binding or differentiation) are expressed robustly in pre-and migratory neural crest cells (Dickmeis et al., 2002; Jen et al., 1997; Kee and Bronner-Fraser, 2001a,b,c; Martinsen and Bronner-Fraser, 1998; Tzeng and de Vellis, 1998; Zhang et al., 1995) . Id genes, and their Drosophila homolog, extramacrochaete, act as dominant negative inhibitors of basic helix-loop-helix (bHLH) transcription factors and are utilized throughout development to inhibit differentiation and promote proliferation (for reviews, see Campuzano, 2001, and Yokota, 2001) . Though structurally similar, different Id proteins display different affinities for specific bHLH transcription factors in vivo, suggesting they have nonredundant functions (Langlands et al., 1997) . Furthermore, certain Id proteins have been shown to inhibit DNA binding by Pax 2, 5, and 8 proteins (Roberts et al., 2001) and to antagonize Ets 1 and 2 activity (Ohtani et al., 2001) . Experimental evidence from chicken suggests that overexpression of Id-2 may promote neural crest cell formation and inhibit ectodermal cell fates (Martinsen and BronnerFraser, 1998) .
The closest living relative of the vertebrates, amphioxus, lacks neural crest cells, but expresses homologs of some genes implicated in neural crest specification at the neural plate border, including Pax3/7, Msx, Snail, and Zic (Gos- confidence values generated by Maximum Likelihood and Neighbor-Joining (in blue) analyses of the same alignment data (see materials and methods section for details). Zebrafish ASHa (achaete-scute homolog a) is used as an outgroup. All methods yield virtually identical phylogenies. However, support for the placement of lamprey Id varies greatly depending on the algorithm used. Bayesian inference places lamprey Id with gnathostome Id4 genes at high probability (99) while confidence values for the Maximum Likelihood and Neighbor-Joining analyses are moderate (67) or low (54). All methods support placement of amphioxus Id within the Id gene family. tling and Shimeld, 2003; Holland et al., 1999; Langeland et al., 1998; Sharman et al., 1999) . Interestingly, other factors shown to be critical for later neural crest development and differentiation, such as Twist (Yasui et al., 1998) , FoxD3 (Yu et al., 2002) and AP-2 (Meulemans and Bronner-Fraser, 2002) , are not present in neural plate border cells.
In this study, we analyzed the expression of Id genes in amphioxus, lamprey, and gnathostomes and asked whether or not cephalochordates, like vertebrates, deploy Id genes in the neural plate border region and dorsal neural tube. Furthermore, we examined whether expression of Id genes at the neural plate border, dorsal neural tube, and neural crest is a basal vertebrate trait, or a derived feature of gnathostomes. We found that unlike vertebrates, amphioxus does not express Id genes at the lateral neural plate border or in the dorsal neural tube, though expression in other tissues is conserved. In lamprey, we observed that Id expression is largely confined to the neural plate border and neural crest cells, indicating Id genes were coopted by these cells very early in the vertebrate lineage.
Materials and methods

Embryo collection
Amphioxus adults (Branchiostoma floridae) were collected from Tampa Bay, Florida, and electrostimulated to induce gamete release. Eggs were fertilized, and embryos were cultured and fixed per the methods of Holland et al. (1996) . Embryos of the sea lamprey Petromyzon marinus were collected and fixed at the Hammond Bay Biological Station as described by McCauley and Bronner-Fraser (2002) and staged according to Tahara (1988) .
Id gene isolation
The following degenerate primer was designed in the 3Ј direction against the HLH region of all known Id genes and Drosophila Extramacrochaetae (EMC): GTA GTC RAT SAC GTG CTG IAK RAT YTC. Using a standard T7 promoter primer as the 5Ј primer, approximately 600 bp fragments of Id cDNAs were amplified from amphioxus and lamprey Lambda Zap II embryonic cDNA libraries kindly provided by Jim Langeland. For amphioxus Id amplification, diluted library was used directly as the PCR template. For lamprey Id amplification, library DNA was phenol/chloroform extracted and ethanol-precipitated prior to use. The libraries were then plated and screened at high stringency with vector-trimmed PCR fragments to isolate full-length Id gene clones. Clones were fully sequenced from both ends.
Phylogenetic analysis
Full-length cDNAs were translated and their conceptual protein products were aligned to published Id and extram- acrochaetae sequences using the ClustalX program (Thompson et al., 1997) . The distantly related basic helix-loop-helix protein zebrafish ASHa was included as an outgroup. Phylogenetic trees were constructed from the alignment data via three methods-Bayesian Inference, Maximum Likelihood, and Neighbor-Joining (Saitou and Nei, 1987) . Bayesian Inference using the Markov chain Monte Carlo method was performed with the program MrBayes (Huelsenbeck and Ronquist, 2001 ). For each run, 10,001 possible trees were generated. From these, consensus trees and probability values for each branch point were calculated within the program PAUP* (Swofford, 1998). Maximum Likelihood trees and quartetpuzzling reliability scores were generated using TREE-PUZZLE (Schmidt et al., 2002) 
Southern blots
Genomic DNA from a single adult amphioxus was purified and digested with the following restriction enzymes: ApaI, ClaI, EcoRV, and HindIII. Digests were electrophoresed on a 0.7% agarose gel, blotted onto Gene Screen Plus filters (NEN Life Science Products), and probed with 32 Plabeled DNA fragments. Southern blots were hybridized in 6XSSC/5% SDS/100g/ml sheared herring sperm DNA/5X Denhardts solution at 50šC. Low stringency washes were in 2XSSC/.2% SDS at 40šC. A 440-bp XhoI-NarI fragment of the original cDNA clone was utilized for probe synthesis.
In situ hybridization
In situ hybridizations to amphioxus and lamprey embryos were as described previously (Meulemans and Bronner-Fraser, 2002) . Riboprobes made against the entire transcript or just the coding region gave identical results.
Results
Isolation of Id genes from amphioxus and lamprey
Degenerate PCR was used to isolate Id gene fragments from amphioxus and lamprey cDNA libraries. Full-length cDNAs were obtained by library screening. When translated, both sequences were found to include the helix-loophelix (HLH) domain characteristic of Id genes (Fig. 1A ). In addition, both genes demonstrated obvious affinity to gnathostome Ids, with amphioxus and lamprey Id being 35% and 39% identical, respectively, to newt Id2. Over the HLH domain, higher identity was observed, with amphioxus Id showing 79% identity to human Id4, and lamprey Id showing 68% identity to rat Id1.
Full-length sequences were aligned to gnathostome Ids, Drosophila EMC, and zebrafish ASHa. The alignments were then employed to construct phylogenetic trees using Bayesian Inference (BI), Maximum Likelihood (ML), and Neighbor-Joining (NJ) methods. All three techniques yielded virtually identical phylogenies, with Bayesian Inference giving the highest confidence values at most branch points (Fig. 1B) . Each tree places amphioxus Id within the Id gene clade at moderate to high confidence values (70, 65, and 89, for BI, ML, and NJ, respectively) but outside any one gnathostome Id paralogy group. Lamprey Id groups with gnathstome Id4s in each analysis but at varying levels of support (99, 67, and 54, for BI, ML, and NJ, respectively). Among gnathostome Id genes, all trees support an early divergence for Id 4. A more recent duplication appears to have generated Id2 and Id3.
Southern blot analysis
Low stringency Southern blotting was used to estimate Id gene number in amphioxus. Hybridization and wash conditions were chosen that would allow for cross-species hybridization of related sequences (Langeland et al., 1998) . Only a single hybridizing fragment was recognized by the amphioxus Id probe in 3 of 4 amphioxus genomic digests (data not shown). In the fourth digest, cleavage with HindIII yielded two hybridizing fragments. Sequence analysis revealed a HindIII site within the Id probe sequence, accounting for the observed doublet.
Id expression in amphioxus embryos and larvae
Amphioxus Id is expressed throughout development in a dynamic pattern spanning all three germ layers. In the 6-h cup-shaped gastrula, moderate levels of Id transcripts are detected in the mesendoderm ( Fig. 2A) . Sagittal sections reveal this early Id expression is restricted to the anterior two-thirds of the embryo (Fig. 2E ). As the blastopore narrows and neurulation begins (about 9 h), a novel domain of Id expression is observed in the anterior neurectoderm (Fig.  2B ). Horizontal sections show this expression is more in-tense than the signal in the underlying mesendoderm (Fig. 2F ). Between early neurula stages and hatching at 11.5 h, Id expression increases in the dorsal mesendoderm while weaker signal persists ventrally. The narrow band of anterior ectoderm expression first observed at 9 h is also maintained (Fig. 2C) . A dorsal view reveals that the dorsal mesendoderm staining has sharpened into two anteroposterior stripes in the middle of the embryo (Fig. 2D) . From this angle, the anterior patch of Idpositive neurectoderm is also apparent. A horizontal section through the anterior of a similarly staged embryo shows strong neurectodermal expression overlying the weakly stained mesendoderm (Fig. 2G ). More posteriorly, neurectodermal staining is absent and Id-positive cells bordering the prospective axial mesoderm form the two stripes seen in Fig. 2D . Diffuse staining in the ventral mesendoderm is also observed at this level (Fig. 2H) . A horizontal section through the posterior of the same neurula shows only weak mesendodermal expression (Fig. 2I) .
From hatching until about 15 h, the mesendoderm segregates into endodermal and mesodermal components as the presomitic mesoderm and chordamesoderm pinch off from the gut. Concurrently, anterior neurectodermal staining is largely extinguished and endodermal expression becomes restricted ventrally (Fig. 3A) . In the mesoderm, Id signal expands into the medial somites and nascent notochord (Fig. 3E) . In the 18-h larva, endodermal expression is lost from the hindgut (Fig. 3B ) but persists in the ventral foregut, notochord, and medial somites (Fig. 3F) . Between 18 and 20 h the neural tube finishes closing under the epidermis and the lateral walls of the somites expand ventrally, forming the mesothelial lining of the perivisceral coelom. At this stage, virtually all mesodermal and neural expression is lost, while endodermal expression persists in the presumptive pharynx (Fig. 3C) . At 24 h, lateral out-pocketings of the gut have formed the left and right gut diverticulae. Id expression is observed in the left diverticulum and foregut (Fig. 3D) . Sections reveal that Id is no longer expressed in the notochord at this stage ( Fig. 3G and H) . A horizontal section through the head shows Id expression througout the left gut diverticulum and anteriormost pharyngeal endoderm (Fig.  3G ). In the caudal pharynx and midgut, Id transcripts are more abundant ventrally than dorsally (Fig. 3H) .
Over the next several hours, the larva elongates. At about 36 h the mouth and first gill slit form on the left and right sides of the pharynx, respectively. At this point, Id expression in the endoderm is limited to the left gut diverticulum and mouth ( Fig. 4B and D) . In addition, new mesodermal expression appears in the mesothelium lining the perivisceral coelom of the first gill bar (Fig. 4A-D) . Similar mesothelial expression is observed in the narrow coelom surrounding the mouth (Fig. 4D and C) . At 2 days, the second gill slit forms on the right side, and Id-positive mesothelial cells can be seen filling the nascent second and third gill bars (Fig. 4E) . At 4 days, two gill slits have formed in line with the mouth on the left side. Id transcripts are detected in first formed gill bars on the left side (data not shown).
Embryonic and larval expression of lamprey Id
Lamprey Id transcripts are detected at all stages examined in a pattern consistent with pre-, post-, and migratory neural crest cells. In the early neurula (stage 17), lamprey Id expression is seen in two broad domains on either side of the open neural plate (Fig. 5A) . Horizontal sections reveal this staining is confined to the neurectoderm (Fig. 5F ). As the neural plate condenses around stage 19, Id messages mark the neural folds (Fig. 5B ) and dorsal neural rod ( Fig.  5C and G) . When the head process begins to protrude at stage 21, scattered Id expression is seen in the ventral head ectoderm ( Fig. 5C and D) . Sections through the head of a late stage 21 embryo also show Id-positive head mesenchyme abutting the neural tube (Fig. 5I) . Additional weak expression is observed in the newly formed somites (Fig.  5H) . At stage 23, lamprey Id transcripts are apparent as swathes of expression in the head (Fig. 5E) .
In late stage 23 embryos, strong Id staining is observed in the pharynx, head, and dorsal neural tube (Fig. 6A) . Sections show Id transcripts marking head mesenchyme overlying the condensing trigeminal ganglia (Fig. 6D) . By stage 24, lamprey Id is expressed throughout the pharynx and head (Fig. 6B) . Horizontal sections show transcripts in mesenchyme just under the pharyngeal ectoderm (Fig. 6E) . At stage 25, a similar distribution of Id messages is observed in the pharynx and head (Fig. 6C ). Horizontal sections at the level of the neural tube show Id-positive mesenchyme surrounding the forming cranial ganglia (Fig. 6G) . Cross-sections through the pharynx reveal Id-positive pharyngeal mesenchyme (Fig. 6F ).
Discussion
Metazoan diversity is the result of ontological variation that, in turn, is the consequence of heritable differences in the developmental genetic programs of different phyla. Given the conserved nature of the metazoan proteome, it is widely accepted that much of the developmental differences between animals are due to modifications in gene regulation (Davidson, 2001) . Thus, unraveling the cis-regulatory history of developmentally important genes can shed light on how new forms arose.
An essential first step toward understanding the regulatory evolution of a given gene is a thorough description of its deployment in the embryos of related phyla. Comparisons of related gene expression patterns then become the observational foundations of testable hypotheses regarding the regulatory history of a gene or gene family in a particular lineage.
This study is part of an effort to understand the evolutionary origins of a critical vertebrate apomorphy, neural crest cells. As a starting point, we are examining the embryonic expression of amphioxus and lamprey genes with gnathostome homologs having suspected roles in the devel-opment of neural crest cells. These observations can then be utilized to construct testable hypotheses regarding their regulatory relationships and to help support homology arguments. Of course, the expression pattern of a single pleiotropic gene is merely suggestive of homology. Thus, homology arguments are only presented in the context of clear morphological similarity and additional corroborating gene expression data. Using this approach we seek to define the novel genetic regulatory interactions that drove the evolution of neural crest cells in the vertebrate lineage. We chose amphioxus and lamprey for these comparisons because they diverged near the time of vertebrate origins and thus likely approximate the prevertebrate and basal vertebrate conditions.
Id genes in amphioxus and lamprey
Vertebrate Id genes are robust markers of neural crest cells and have suspected roles in neural crest development.
We isolated representatives of the Id gene family from both amphioxus and lamprey. Phylogenetic analysis clearly groups amphioxus Id within the Id/EMC gene family, but shows it has no particular kinship to any vertebrate Id paralog. In addition, low stringency Southern blotting suggests this is the only member of the Id family present in amphioxus. These data are consistent with theories of multiple whole or partial genome duplications in the vertebrate lineage (reviewed by Holland, 1999) .
The deduced phylogeny places lamprey Id with gnathostome Id4s and implies the existence of one or more undescribed lamprey Id paralogs. The number of additional lamprey Id genes, and their relationship to other vertebrate Ids, depends on when agnathans diverged relative to the duplications that generated the four gnathostome Id paralogs. A more exhaustive screen of lamprey cDNA and genomic libraries for Id sequences could potentially lend insight into the timing of vertebrate genome duplications relative to gnathostome origins. An alternate explanation of this group- ing is that it reflects the basal character of gnathostome Id4 genes. The proposed phylogeny indicates that an ancestral Id4 gene likely diverged before the duplications that generated the other paralogs. Thus, gnathostome Id4 genes may retain primitive features lost in Id1, 2, and 3 but preserved in lamprey Id.
The differing capacities of the four vertebrate Id paralogs to inhibit specific bHLH transcription factors imply that they have some nonredundant functions during development (Langlands et al., 1997) . The existence of only one amphioxus Id gene, whose expression pattern is largely a composite of vertebrate Id gene expression (see discussion below), is consistent with evolutionary subfunctionalization as described by Force et al. (1999) . This scenario predicts that amphioxus Id has the combined properties of the four vertebrate paralogs. It would be interesting to test this hypothesis by assaying the ability of amphioxus Id to interact with different Id-binding bHLH transcription factors. Similar Staining is apparent in the second and third forming gill bars on the right side (single arrowheads). Out of focus is staining in the first gill bar and mouth (double arrowhead). ph, pharynx; cg, club shaped gland; es, endostyle; gs, gill slit; Id, left gut diverticulum; m, mouth; n, notochord; nt, neural tube; pc, perivisceral coelom; ps, pigment spot; so, somite.
functional examination of lamprey Id may further elucidate its evolutionary relationship to the other vertebrate Id genes.
Id endodermal expression is conserved between amphioxus and gnathostomes
Amphioxus Id is expressed in the endoderm at all stages examined. Transcripts are first observed in the gastrula mesendoderm and persist in the ventral gut until larval stages. In late larvae, Id is largely extinguished from the endoderm, except around the mouth and within the left gut diverticulum. In gnathostomes, extensive expression of Id genes in endodermal derivatives has been reported. At primitive streak stages in chick, Id4 is expressed in broad swathes of ingressing mesendoderm (Kee and Bronner-Fraser, 2001a) . Concurrently, Id3 transcripts are observed in proamnionic endoderm (Kee and Bronner-Fraser, 2001c) . During early neurulation both Id3 and Id4 become highly expressed in the anterior intestinal portal (the edge of the developing gut). At later stages, chick Id3 transcripts are seen in the ventral foregut and stomodeum. At primitive streak stages in the mouse, Id1 and Id3 messages are expressed in extraembryonic endoderm, and Id1 transcripts are observed in ingressing mesendoderm (Jen et al., 1997) . All mouse Id genes are deployed in the gut at later stages (10 -14 d.p.c.), with Id1, 2, 3, and 4 expressed in the caudal foregut and Id1, 2, and 3 observed in the mid-and hindgut (Jen et al., 1996) . Overall, the broad endodermal deployment of gnathostome and amphioxus Id genes is reminiscent of fly extramacrochaete expression and may represent a primitive function for Id/EMC genes in endoderm formation (Cubas et al., 1994; Ellis, 1994) . In contrast to both gnathostomes and amphioxus, no endodermal Id expression is seen in lamprey. This suggests the presence of unidentified lamprey Id genes with endodermal expression domains, or the independent loss of endodermal Id expression in agnathans.
Early mesodermal expression of Id is conserved in amphioxus and vertebrates
Amphioxus somites are formed as dorsolateral outpocketings of the archenteron. After detaching from the mesendoderm, the lateral somite wall thins and expands ventrally to surround the gut. The medial somite wall abuts the notochord and eventually forms the myomere, and is thus homologous in position and fate to the vertebrate somite proper. In the amphioxus neurula, Id is upregulated in two stripes at the border of the axial and paraxial mesoderm. As neurulation progresses, expression expands into the medial wall of the somites and is upregulated in the forming notochord. This phase of mesodermal Id expression ends abruptly around the time of neural tube closure (18 -20 h) . Somitic expression appears to be a feature of Id deployment conserved in amphioxus and vertebrates, since lamprey, zebrafish, mouse, chicken, and frog all express one or more Id genes in the developing somites. This aspect of expression likely relates to the demonstrated function of Id genes as dominant-negative inhibitors of myogenic bHLH factors (Melnikova and Christy, 1996; Rescan, 2001) . The rapid downregulation of amphioxus Id in the somites between 18 and 20 h may therefore mark the beginning of muscle cell differentiation as myogenic bHLH function is released from Id inhibition. Consistent with this, two myogenic bHLH factors (AmphiMRF1 and 2) have been identified in amphioxus and the expression of both overlap with amphioxus Id in the medial somite wall (Schubert et al., 2003) . Like Id, AmphiMRF2 is downregulated at about 20 h, but AmphiMRF1 persists into late larval stages.
Expression of Id genes in the nascent notochord does not appear to be a widely conserved aspect of Id expression in vertebrates. None of the Id genes isolated from lamprey, mouse, chick, or frog are expressed in chordamesoderm. However, transcripts of the recently described zebrafish Id3 are detected in the nascent notochord (Dickmeis et al., 2002) . Several scenarios could account for the phylogenetic distribution of Id notochord expression. The simplest explanation is loss of Id notochord deployment in the amniote lineage. A loss predicts either the expression of an unidentified lamprey Id gene in the notochord, or independent loss of this expression domain in agnathans. 
Conservation of dorsoanterior ectoderm expression supports homology between the amphioxus and vertebrate anterior neural plate border
In the early neurula, amphioxus Id is expressed in a narrow patch of dorsoanterior ectoderm. This expression overlaps with deployment of amphioxus Pax6 and Distalless in the anteriormost neural plate and epidermis (Glardon et al., 1998; Holland et al., 1996) . During equivalent stages, chick Id1 is similarly deployed at the anterior neural plate border where it colocalizes with Pax6 and Dlx5 transcripts in the presumptive placode region (Li et al., 1994; Yang et al., 1998) . In amphioxus larvae, the dorsal anterior ectoderm is rich in sensory cells, including photoreceptors in the neural plate and putative chemoreceptors in the adjacent epidermis. We speculate that coexpression of Id, Pax6, and Dlx genes at the anterior neural plate border marks a field of sensory cell specification homologous to the presumptive placodal domain of the vertebrate anterior neurectoderm.
Neurectodermal expression of amphioxus and vertebrate Id genes implies cooption by lateral neural plate and dorsal neural tube cells early in the vertebrate lineage
As the epidermis closes over the neural plate, amphioxus Id is extinguished from the anterior neurectoderm. No sig- Fig. 7 . Expression of neural crest marker homologs in amphioxus neurulae. In vertebrates, Id, Snail, and AP-2 genes are coexpressed in presumptive neural crest cells at the neural plate border. In amphioxus, these genes have almost completely non overlapping patterns of expression; Id is expressed in the endoderm and axial mesoderm, Snail is expressed in the paraxial mesoderm and neural plate and AP-2 is expressed in the nonneural ectoderm. nificant neural or ectodermal expression is observed at later stages. During vertebrate neurulation, Id transcripts mark cells at the lateral neural plate border and persist in the neural folds and dorsal neural tube. This expansion of Id expression in the neurectoderm apparently occurred early in the vertebrate lineage as high levels of lamprey Id transcripts are observed at the lateral neural plate border, neural folds, dorsal neural tube, and neural crest. Novel lateral neural plate deployment of Id may reflect the recruitment of genetic programs from anterior sensory cell progenitors like those marked by Id, Pax6, and Distalless in amphioxus. Recent work suggests similar cooptions of AP-2, FoxD, and Twist genes from ectodermal and mesodermal tissue derivatives (Meulemans and Bronner-Fraser, 2002; Yasui et al., 1998; Yu et al., 2002) . The accumulation of genetic pathways from other cells and tissues may have bestowed novel properties upon the lateral neural plate of an amphioxus-like ancestor, potentiating the evolution of definitive neural crest cells (Fig. 7) .
The apparent role of cooption in neural crest evolution raises the question of how, mechanistically, these novel factors were recruited to the neural plate border. In general, there are two ways by which a gene might gain a novel expression domain: (1) changes in its cis-regulatory sequence, such as the addition of an enhancer module or removal of a repressor module, and (2) changes in the deployment of its trans regulators. In the former case, the gene gains new responsiveness to preexisting factors. In the latter, it retains regulatory relationships to upstream factors that have themselves gained new domains of expression. Both of these mechanisms could have driven the cooption of Id genes by the evolving vertebrate neural plate border. Several factors involved in vertebrate neural plate border specification are expressed in the lateral neural plate of amphioxus, including Pax3/7, Msx, Zic, and Snail (Gostling and Shimeld, 2003; Holland et al., 1999; Langeland et al., 1998; Sharman et al., 1999) . Novel regulatory interactions between these prepositioned factors and Id may have driven its recruitment to the neural plate border. Other genes coexpressed with Id in the amphioxus embryo appear to have been coopted by the vertebrate dorsal neural tube. Conserved regulatory relationships between these genes and Id could potentially drive Id expression in this novel domain. The transcription factor FoxD is coexpressed with amphioxus Id in the nascent notochord and medial somite (Yu et al., 2002) and could regulate Id expression in the vertebrate dorsal neural tube. Similarly, Notch expression overlaps with Id in the somites, notochord, and pharyngeal endoderm of amphioxus (Holland et al., 2001) and is expressed in the dorsal neural tube of vertebrates (Williams et al., 1995) . Consistent with a role for Notch in Id gene regulation, evidence from Xenopus suggests that Notch signaling directly controls Id3 expression (Reynaud-Deonauth et al., 2002).
Id expression in amphioxus pharyngeal mesothelial cells and vertebrate cranial neural crest may reflect the cooption of migratory and/or chondrogenic programs from mesodermal derivatives
While the expansion of Id into the lateral neurectoderm may reflect the cooption of sensory cell specification programs, it does not suggest why vertebrate Id expression persists in pharyngeal arch neural crest, which mostly gives rise to cartilage. The functional significance of this later expression may be inferred by examining potentially homologous expression domains in amphioxus. Interestingly, amphioxus Id transcripts are observed in mesoderm lining the coelom of the forming pharyngeal gill bars. These cells originate as ventral outpocketings of the somites, and migrate between the pharyngeal endoderm and overlying ectoderm into the nascent gill bars. Although their fate has not been demonstrated experimentally, these cells lie in a position later occupied by cartilagenous skeletal rods (Azariah, 1973; Rahr, 1982) . A similar distribution of Id transcripts is seen in the vertebrate pharynx where Id-positive neural crest cells migrate between pharyngeal arch endoderm and overlying ectoderm to ultimately generate pharyngeal cartilage (see side-by-side comparison in Fig. 8 ). These observations imply homologous roles for Id genes in amphioxus gill bar mesothelial cells and vertebrate cranial neural crest, and may reflect the transference of migratory and/or chondrogenic capacities from the gill bar mesothelial cells of a cephalochordate ancestor. It will be interesting to see if amphioxus homologs of genes with defined functions in vertebrate pharyngeal chondrogenesis are also deployed in the gill bar mesothelium.
Late expression of lamprey Id in cranial neural crest
Unlike amphioxus Id, lamprey Id expression is largely restricted to the neurectoderm in a pattern consistent with neural crest cells. This interpretation is supported by equivalent expression of gnathostome Id genes, overlapping deployment of neural crest markers AP-2 and Sox10, and DiI labeling (McCauley and Bronner-Fraser, 2003) . However, there are aspects of late Id localization that differ from described marker expression and DiI distribution. It has been shown with AP-2, Sox10, and DiI labeling that lamprey cranial neural crest cells migrate medial to the pharyngeal mesoderm (McCauley and Bronner-Fraser, 2003; Meulemans and Bronner-Fraser, 2002) . We find that lamprey Id transcripts are absent from these cells. This may be a conserved feature of Id deployment as chick Id1 pharyngeal expression is similarly limited to subepidermal neural crest.
Lamprey Id also marks mesenchyme surrounding the condensing cranial ganglia. In gnathostomes, similarly positioned late migrating neural crest cells contribute to these ganglia. Recent DiI studies of early migrating neural crest have not demonstrated incorporation of lamprey neural crest into the cranial ganglia. Further DiI labeling in older embryos may establish if these Id-positive cells are homologous to late migrating neural crest that populates the cranial ganglia of gnathostomes.
Conclusions
We have isolated Id gene homologs from amphioxus and lamprey and compare their sequence and expression patterns to those of gnathostome Id genes. Based on phylogeny and low stringency Southern blotting, we conclude amphioxus has a single Id gene, while lamprey Id is most similar to gnathstome Id4s. Overall, Id expression in the endoderm and mesoderm appears conserved in amphioxus and vertebrates. However, no single vertebrate Id gene displays the complete amphioxus expression pattern, suggesting subfunctionalization of vertebrate Id paralogs. Early expression of Id genes in the dorsal anterior ectoderm also appears to be conserved. In the context of Distalless expression, Pax6 expression, morphological position, and developmental fate, this aspect of Id expression supports homology of amphioxus dorsoanterior ectoderm and the presumptive placodal ectoderm of vertebrate embryos. Unlike vertebrate Id genes, however, amphioxus Id is not expressed at the lateral neural plate border or dorsal neural tube. Deployment of lamprey and gnathostome Id genes in these cells implies genetic cooption early in the vertebrate lineage. This likely involved novel regulatory interactions between Id genes and factors deployed at the vertebrate neural plate border. Finally, later expression of amphioxus Id in pharyngeal neural crest may reflect cooption of ventral mesodermal programs from pharyngeal mesoderm. Thus, cooption of Id functions from anterior ectoderm and pharyngeal mesoderm conferred new properties upon the evolving lateral neural plate border and neural crest.
